Vesicle fusion governs many important biological processes, and imbalances in the regulation of membrane fusion can lead to a variety of diseases such as diabetes and neurological disorders. Here we show that the Vibrio parahaemolyticus effector protein VopQ is a potent inhibitor of membrane fusion based on an in vitro yeast vacuole fusion model. Previously, we demonstrated that VopQ binds to the V o domain of the conserved V-type H + -ATPase (V-ATPase) found on acidic compartments such as the yeast vacuole. VopQ forms a nonspecific, voltage-gated membrane channel of 18 Å resulting in neutralization of these compartments. We now present data showing that VopQ inhibits yeast vacuole fusion. Furthermore, we identified a unique mutation in VopQ that delineates its two functions, deacidification and inhibition of membrane fusion. The use of VopQ as a membrane fusion inhibitor in this manner now provides convincing evidence that vacuole fusion occurs independently of luminal acidification in vitro.
Vesicle fusion governs many important biological processes, and imbalances in the regulation of membrane fusion can lead to a variety of diseases such as diabetes and neurological disorders. Here we show that the Vibrio parahaemolyticus effector protein VopQ is a potent inhibitor of membrane fusion based on an in vitro yeast vacuole fusion model. Previously, we demonstrated that VopQ binds to the V o domain of the conserved V-type H + -ATPase (V-ATPase) found on acidic compartments such as the yeast vacuole. VopQ forms a nonspecific, voltage-gated membrane channel of 18 Å resulting in neutralization of these compartments. We now present data showing that VopQ inhibits yeast vacuole fusion. Furthermore, we identified a unique mutation in VopQ that delineates its two functions, deacidification and inhibition of membrane fusion. The use of VopQ as a membrane fusion inhibitor in this manner now provides convincing evidence that vacuole fusion occurs independently of luminal acidification in vitro.
Vibrio parahaemolyticus | SNARE | vesicle fusion | yeast vacuole | vp1680 V esicle fusion governs many important physiological processes including neurotransmitter release and exocytosis. As such, many studies have focused on understanding this process and the proteins involved in fusion using various models such as yeast vacuoles and Drosophila synaptic vesicles (1, 2) . Yeast vacuoles are an established and elegant model to study eukaryotic membrane fusion because of the ease of their isolation and the conserved nature of the fusion machinery required for their homotypic fusion (3) . Although the core SNARE and Rab GTPase fusion machinery alone can drive the physiologically relevant fusion of liposomes in vitro (2) , genetic and biochemical experiments have identified a number of additional regulators of vacuole fusion, including the membrane sector of the highly conserved V-type H + -ATPase (V-ATPase) (4, 5) . The eukaryotic V-ATPase is the main electrogenic proton pump involved in the acidification of many intracellular organelles such as endosomes, lysosomes, and the yeast vacuole (6) . The V-ATPase consists of two conserved, multisubunit domains: the cytoplasmic V 1 domain and the membrane bound V o domain. The V 1 domain hydrolyzes ATP, providing the energy for proton translocation through the membrane-bound V o proteolipid proton channel, thus acidifying the lumen of the vesicle. The loss of V-ATPase subunits is lethal in higher eukaryotes, highlighting the importance of this vital protein complex for normal eukaryotic physiology. However, yeast that lack subunits of the V-ATPase exhibit conditional lethality that is rescued by growth on acidic media, thus providing a unique and powerful system for the study of V-ATPase functions in vivo. In addition to its acidification function, the V-ATPase has been implicated in a broad range of biological processes, including the proper trafficking of secreted and endocytosed cargos (7) , viral fusion (8) , exocytosis (1, 9, 10) , and the SNARE-dependent membrane fusion of yeast vacuoles (4, 5, 11, 12) . Even though the role of V-ATPase in fusion has been demonstrated in various model organisms, its role in this process remains controversial (4, 13-16).
Recent work has shown that a bacterial protein VopQ (also known as VP1680 or VepA) forms an outward rectifying, gated channel in membranes that contain the V-ATPase, resulting in the collapse of ion gradients and the disruption of autophagic flux (17) . VopQ is a type III effector protein from the marine bacterium Vibrio parahaemolyticus that strongly associates with the V o domain of the eukaryotic V-ATPase (17, 18) . Given the proposed role of the V o domain in fusion, we sought to examine the effect of VopQ on fusion using the well-defined biochemical model of eukaryotic membrane fusion from the budding yeast Saccharomyces cerevisiae. In this study, we demonstrate that expression of VopQ causes extensive yeast vacuolar fragmentation indicative of a defect in homotypic vacuole fusion. In vitro vacuole fusion assays confirmed VopQ is a potent inhibitor of a conserved Rab GTPase-and SNARE-dependent membrane fusion. Furthermore, we identify a mutant of VopQ, VopQ S200P , that deacidifies the vacuole via its known channel-forming activity but no longer inhibits vacuole fusion in vitro because of its reduced affinity for the V-ATPase V o domain. Therefore, by using a bacterial effector protein with yeast vacuoles containing wild-type V-ATPase machinery, we show that yeast vacuole fusion does not require luminal acidification in vitro.
Results
VopQ Inhibits Yeast Homotypic Vacuole Fusion. VopQ interacts directly with the V o domain of the V-ATPase on the yeast vacuole. To assess whether this interaction alters vacuole morphology in vivo,
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Fusion of intracellular membranes is involved in many critical cellular processes, such as neurotransmission, protein trafficking, and in the lysosomal degradation of invading bacterial pathogens. Accordingly, some intracellular bacterial pathogens use protein effectors to alter host membrane fusion directly as a survival mechanism. In this study, we show that the Vibrio secreted effector, VopQ, is a potent inhibitor of yeast homotypic vacuole fusion in vitro. Although VopQ was shown to deacidify yeast vacuoles via its known V-type H + -ATPase (V-ATPase)-binding and channel-forming activities, its ability to inhibit vacuole fusion does not depend on channel-forming activity. Our studies suggest that yeast vacuole fusion is not regulated by lumenal acidification and identify a reagent to study the V-ATPase role in some membrane fusion events.
we stained and visualized the vacuolar membrane of VopQexpressing yeast. Normally, yeast cells contain one to three large vacuoles (Fig. S1A, WT) . The Vps33p protein, a component of the endosomal (class C core vacuole/endosome tethering, CORVET) and vacuolar (homotypic fusion and vacuole protein sorting, HOPS) membrane-tethering complexes, is required for normal vacuolar morphology and fusion (19) . Yeast strains lacking Vps33p display highly fragmented vacuoles typical of strains with defects in homotypic vacuole fusion (Fig. S1A, vps33Δ) . When VopQ is expressed in yeast under a galactose-inducible promoter, the yeast are viable (Fig. S1B ) but have fragmented vacuoles similar to those seen in vps33Δ strains (Fig. S1A , VopQ + ). Therefore, VopQ appears to modulate vacuolar membrane dynamics in vivo.
To assay whether this fragmentation is mediated through inhibition of the known yeast vacuole fusion machinery, we measured the effect of VopQ on a purified, well-studied homotypic vacuole fusion system. Because this system is known to be sensitive to a full complement of Rab GTPase-, SNARE-, and lipiddirected reagents, observations made in the context of this system often are found to be conserved in lysosomal fusion events in higher organisms (2) . Yeast vacuoles were isolated from two strains of yeast: one lacking Pho8p, the normal vacuolar alkaline phosphatase (ALP), and one lacking Pep4p, required for the activation of the luminal vacuolar protease (Prb1p) responsible for activating Pho8p in vivo. Although neither of these purified vacuoles has ALP activity alone, upon successful fusion active proteases gain access to the catalytically inactive Pho8p, thereby activating Pho8p phosphatase activity to be measured colorimetrically (20) . Recombinant VopQ protein was a powerful inhibitor of vacuole fusion in a dosedependent manner (Fig. 1A , closed squares), on par with standard inhibitors of the fusion reaction including antisera against the Sec17p [α-soluble N-ethylmaleimide-sensitive fusion (NSF) attachment protein, α-SNAP) SNARE chaperone and the Vam3p syntaxin (21) . Therefore, VopQ is capable of directly inhibiting homotypic vacuole fusion in vitro.
Because VopQ is known to form channels in the vacuolar membrane, we wanted to confirm that VopQ does not disrupt the vacuolar membrane during fusion. We routinely included the ∼8-kDa inhibitor of Prb1p, Pbi2p, in these assays to prevent aberrant proPho8p activation; Pbi2p access to the vacuole lumen would be measured as fusion inhibition. ALP reactions performed in the absence of Pbi2p continue to display potent VopQ-dependent fusion inhibition (Fig. S2A) , and vacuoles treated with VopQ do not release additional luminal GFP during fusion, unlike reactions treated with the soluble Vam7p SNARE and HOPS tethering complex (Fig. S2B) , a treatment known to disrupt the integrity of yeast vacuoles (22) . Therefore, VopQ does not disrupt vacuolar integrity during fusion.
VopQ Inhibits Vacuole Content Mixing. The proteolytic processing and activation of the ALP can be used as a measure for successful yeast vacuolar fusion. However, luminal proteases that cleave the phosphatase require an acidic environment for proper trafficking and optimal activity in vitro (23) . Previous work with the purified homotypic vacuole fusion system has shown that V-ATPase inhibitors that inhibit acidification of the vacuole, such as bafilomycin, also inhibit in vitro vacuolar fusion reaction as measured by ALP activity; therefore vacuolar acidification appears to be required for homotypic fusion (24) . Because VopQ deacidifies yeast vacuoles, and our readout for fusion may be sensitive to luminal pH, we chose to revisit VopQ's ability to inhibit membrane fusion with assays that do not depend on acidification.
Yeast homotypic vacuole fusion can be measured by reconstituting the activity of a soluble, vacuole lumen-directed bifurcated enzyme, β-lactamase (25) . When vacuolar contents are mixed as a result of fusion, the domains of β-lactamase are brought together by interacting leucine zipper domains of the c-Jun and c-Fos proteins, resulting in an active β-lactamase enzyme that can be assayed via its hydrolytic activity (25) . Fusion observed in the absence of inhibitors is used to standardize the effects of each biochemical inhibitor of the reaction (Fig. 1B) . Vacuolar fusion is strongly inhibited in the presence of fusion inhibitors (no ATP, α-Vam3p; Fig. 1B ). Addition of MBP-VopQ protein, but not MBP alone, inhibited vacuolar fusion, demonstrating that VopQ still inhibits homotypic vacuole fusion in an acidification-independent manner using an alternative ALP-independent fusion assay.
VopQ Inhibits Lipid Mixing. We next measured the ability of VopQ to inhibit lipid bilayer mixing during in vitro vacuole fusion. Purified vacuolar membranes containing the components for the β-lactamase reconstitution fusion assay can be labeled with Rhodamine-PE and fused to unlabeled vacuoles to measure lipid bilayer mixing via fluorescence dequenching (26) and content mixing via nitrocefin hydrolysis ( Fig. 1 B and C) . Fusion inhibitors prevent both content and lipid mixing ( Fig. 1 B and C, red and blue, respectively). Maltose-binding protein (MBP)-VopQ, but not MBP, inhibited both content and lipid mixing ( Fig. 1 B and C, purple and green respectively). Coupled with its ability to inhibit Pho8p activation, β-lactamase reconstitution, and vacuolar lipid mixing, VopQ was validated as an authentic inhibitor of yeast vacuole fusion in vitro (Fig. 1 ).
VopQ Inhibits Docking and Trans-SNARE Complex Formation. We next took advantage of the fact that fusion must occur in three biochemically distinct stages: (i) Priming, in which the SNARE chaperones Sec17p and Sec18p (α-SNAP and NSF protein, respectively) disassemble cis-SNARE complexes in an ATP-dependent manner (27) ; (ii) docking, which requires the activities of the Rab-GTPase Ypt7p and a multisubunit tethering complex, the HOPS complex, to tether vacuoles and enable the formation of the essential trans-SNARE complexes composed of Vam3p, Vti1p, Vam7p, and Nyv1p across opposing membranes (21, 28, 29) ; and (iii) fusion, in which trans-SNARE complexes catalyze the mixing of lipid bilayers, and luminal contents are exchanged ( Fig. S2C) (30, 31) . Fusion can be analyzed using a kinetic assay designed to determine the step at which the vacuole fusion reaction becomes resistant to particular subreaction inhibitors (32) . The kinetic profiles for blocking the priming, docking, and fusion steps in vacuole fusion were exemplified by the addition of antibodies to Sec17p, Ypt7p, and Vam3p or ice, respectively, over the course of the Pho8p-dependent fusion reaction. The addition of the priming inhibitor α-Sec17p to the reaction after 20 min did not inhibit fusion, indicating that the priming step had passed ( Fig. 2A, closed circles) . Similarly, the addition of the docking inhibitors α-Ypt7p and α-Vam3p after 45 min did not inhibit fusion, indicating the completion of docking by this time (Fig. 2A , open diamond and black triangle, respectively). Placing reactions on ice inhibited the final stage of fusion, lipid mixing ( Fig. 2A, open squares) . We find that vacuoles become resistant to VopQ inhibition ( Fig. 2A, closed To analyze further the effect of VopQ on the Rab GTPaseand SNARE-dependent tethering of yeast vacuoles, we used a visual "docking" assay that measures the number of vacuoles in clusters (33) . The addition of MBP-VopQ or MBP does not disrupt the integrity of vacuoles (Fig. S2D) . Incubation with MBP results in clusters of five or more vacuoles ∼30% of the time (Fig. 2B, black bars) . Fewer vacuoles were observed in clusters upon treatment with a combination of GDP dissociation inhibitor (GDI) and Gyp1-46, which causes the release of Ypt7p and inhibits docking (Fig. 2B, white bars) . Addition of MBP-VopQ closely mimicked GDI/Gyp1-46 activity (Fig. 2B, gray bars) , indicating that VopQ inhibits the docking of yeast vacuoles.
To test the effect of VopQ on trans-SNARE complex formation during fusion, we measured the extent of trans-SNARE complex formation using an epitope-tagged Vam3p SNARE [calmodulinbinding protein (CBP)-Vam3p)] with its cognate vacuolar R-SNARE, Nyv1p (Fig. S2E) (21) . Under normal fusion conditions, CBP-Vam3p and Nyv1p interact (Fig. 2C, lane 5 ). This SNARE interaction was strongly disrupted by incubation on ice (Fig. 2C , lane 6) and with GDI/Gyp1-46 (Fig. 2C, lane 7) . Addition of VopQ prevented the formation of trans-SNARE complexes (Fig.  2C, lane 8) , consistent with its distinct mechanism of vacuole fusion inhibition observed in the kinetic fusion assay (Fig. 2A) .
The kinetic assay along with the docking and trans-SNARE assay suggests that VopQ inhibits fusion downstream of priming but upstream of trans-SNARE complex formation. In an attempt to reverse VopQ inhibition by increasing trans-SNARE complex formation, we provided an excess of the soluble SNARE Vam7p and the HOPS tethering complex; these proteins are known to bypass inhibitors that prevent SNARE complex assembly (29, 34) . In the absence of HOPS and Vam7p, VopQ inhibits vacuole fusion similar to the addition of Vam3p antibody (Fig. 2D ). Upon addition of HOPS or Vam7 alone, only modest effects on VopQ inhibition are observed. However, upon addition of HOPS and Vam7p, VopQ-mediated inhibition is reversed; this reversal remains sensitive to the fusion inhibitor α-Vam3p. Taken together, these data suggest that VopQ may hinder trans-SNARE complex assembly, thus inhibiting membrane fusion.
Vacuolar Acidification and Electrochemical Gradient Are Not Required for Fusion. VopQ deacidifies the lumen of vacuoles through the rapid formation of an 18-Å channel in the membrane after direct interactions with V o subunits of the V-ATPase (17) . A recent publication by Coonrod et al. (13) shows that acidification of the yeast vacuole by the V-ATPase is absolutely required for vacuole fusion in vivo. Therefore, we tested if VopQ inhibits fusion simply through the collapse of the vacuole pH gradient.
Previously, the specific V-ATPase inhibitor bafilomycin was shown to be an inhibitor of yeast vacuole fusion in vitro using the ALP assay (24) . We therefore compared VopQ and bafilomycin activities in ALP-dependent and -independent fusion assays and found that MBP-VopQ inhibited both the ALP (Fig. 3A , black bars) and β-lactamase fusion assays (Fig. 3A, white bars) . In contrast, bafilomycin inhibited the ALP assay to ∼60% of the maximal fusion level (Fig. 3A , black bars) but had no effect on the activation of β-lactamase (Fig. 3A, white bars) . Therefore, in contrast to VopQ, bafilomycin does inhibit vacuole fusion based on the ALP assay but does not inhibit vacuole fusion based on β-lactamase reconstitution.
The possibility remained that the lumen of the vacuole retained acidification caused by V-ATPase activity before vacuole isolation and that this acidification was sufficient for driving homotypic fusion in vitro. Furthermore, the V-ATPase generates an electrochemical gradient (Δψ) that also could be the driving force in vacuole fusion. To address the role of acidification and Δψ in yeast vacuole fusion, we used a pair of well-studied ionophores, valinomycin and nigericin, in combination with bafilomycin. Valinomycin is a neutral K + -specific ionophore, which transports K + across the membrane down the concentration gradient (35, 36) , and nigericin is an electroneutral K + /H + antiporter (37). In the presence of V-ATPase activity, valinomycin and nigericin together equilibrate H + and K + ions to collapse both the electrochemical and pH gradients of the vacuole (Fig. 3B ). Valinomycin and nigericin in combination with bafilomycin will collapse any preexisting electrochemical and pH gradient and inhibit any further V-ATPase-dependent translocation of H + . First, we measured vacuole acidification by measuring the change in absorbance of acridine orange upon protonation (38) . Similar to the no-inhibitor control, the α-Vam3p fusion inhibitor did not inhibit H + translocation (Fig. 3C , black and blue curves). When added individually, bafilomycin and nigericin inhibited H + translocation (Fig. 3C , orange and purple curves). Valinomycin did not completely inhibit proton translocation (Fig. 3C , pink curve), as expected for a K + -specific ionophore. However, valinomycin in combination with nigericin (Fig. 3C, green curve) inhibited luminal acidification. Likewise, no acidification was detected when a mixture of all three inhibitors was added (brown curve). These results indicate that these inhibitors are capable of neutralizing the yeast vacuole.
Next, we measured vacuole fusion in the presence of these inhibitors to study the role of electrochemical and pH gradients in fusion. As expected, bafilomycin inhibited the ALP but not the β-lactamase fusion assay (Fig. 3D) . Combinations containing valinomycin and nigericin partially inhibit the ALP fusion assay (Fig. 3D , black bars) but do not inhibit the β-lactamase fusion assay (white bars). Vacuole fusion detected in the presence of these inhibitors is authentic, SNARE-dependent fusion, because the addition of α-Vam3p inhibited this fusion to baseline levels in both the ALP (Fig. S3A ) and β-lactamase (Fig. S3B ) assays. Therefore, vacuoles fuse normally in the absence of a pH gradient and Δψ in vitro. Furthermore, ALP-dependent fusion proceeds normally when KCl is completely replaced with the lysomotrophic, weakly basic NH 4 Cl (39) in the fusion reaction to neutralize the lumen of vacuoles (Fig. S3C) ; vacuoles do not acidify in the presence of NH 4 Cl, in contrast to KCl (Fig. S3 D and E) .
To address the role of Δψ in fusion, we measured the ability of the vacuole to quench the potential-sensitive dye, Oxonol V. Dye quenching occurs as Oxonol V changes its membrane association in response to an inside-positive Δψ (40). In the absence of inhibitors, vacuoles rapidly quench Oxonol V fluorescence (Fig. S3F, black  curve) . Inhibiting V-ATPase activity eliminates most Oxonol V quenching (Fig. S3F, blue curve) . Similar to bafilomycin, MBPVopQ inhibits Oxonol V quenching (Fig. S3G, purple curve) , showing that VopQ can inhibit the formation of Δψ during vacuole fusion. Finally, in a reconstituted proteoliposome fusion system that lacks the V-ATPase and depends solely on the activities of vacuolar SNAREs, the Rab GTPase Ypt7p, HOPS, and SNARE chaperones (Fig. S4A) (42) , VopQ is completely unable to inhibit either content (Fig. S4B) or lipid (Fig. S4C) mixing. These data support the proposal that VopQ requires the V-ATPase to bind to the vacuole and inhibit fusion, because we observe that VopQ does not directly inhibit the "core" SNARE/Rab GTPase/HOPS membrane fusion machinery.
VopQ Does Not Inhibit Vacuole Fusion via Channel-Forming Activity.
With the knowledge that VopQ binds V o subunits, we sought to identify mutants of VopQ that were defective in V-ATPase binding to characterize better the mechanism by which VopQ inhibits vacuole fusion. VopQ expression arrests yeast cell growth, and this effect appears to be mediated through the interaction of VopQ with Vma3p; vma3Δ strains are fully resistant to VopQ growth repression (Fig. S5A) (17, 18) . Furthermore, VopQdependent vacuolar fragmentation in vivo also was completely dependent on the presence of Vma3p (Fig. S5B) . Therefore, we hypothesized that VopQ mutants defective in V-ATPase binding would be less toxic upon expression in wild-type yeast. Using this reduced toxicity as a genetic selection, the galactose-inducible VopQ expression plasmid was transformed into an error-prone Escherichia coli mutator strain to create a library of random vopQ mutants. Sequencing of the mutants that did not arrest growth identified a plasmid containing a missense mutation in the vopQ coding sequence: a T-to-C transition at position 598. This mutation produced a mutant protein substituting a proline for serine at position 200 (VopQ S200P ). In contrast to wild-type VopQ, the mutant VopQ S200P allowed yeast growth (Fig. 4 A) , despite being more highly expressed than the wild-type VopQ protein (Fig. S6A) . Furthermore, the VopQ S200P mutant, unlike the wild-type protein, did not cause extensive fragmentation of yeast vacuoles in vivo (Fig. 4B and Fig. S6B ), suggesting that the mutant VopQ S200P protein might be defective in its ability to inhibit homotypic vacuole fusion in vivo.
To examine the activity of VopQ S200P in comparison with wild type, recombinant proteins were purified (Fig. S7A) and assayed for both inhibition of vacuole fusion and vacuolar deacidification in vitro. Strikingly, recombinant VopQ S200P protein did not inhibit the ALP (Fig. 5A ) or β-lactamase (Fig. 5B ) fusion assays at concentrations up to 1 μM. Even concentrations of VopQ S200P up to 10 μM were no more effective at fusion inhibition than MBP alone (Fig. S7B) . To study the S200P mutant for the known vacuolar channel-forming activity of VopQ (17), we assayed the ability of VopQ S200P to inhibit vacuolar acidification in vitro. VopQ S200P completely inhibited vacuolar acidification when added before the addition of ATP (Fig. 5C ) and deacidified the lumen after the vacuoles had been fully acidified (Fig. S7C) . To eliminate the possibility that MBP interfered with VopQ S200P fusion inhibition, we used the channel-forming His-tagged version of VopQ S200P (Fig. S7 D and E) and observed that it also is incapable of inhibiting vacuole fusion (Fig. S7F) . Accordingly, VopQ S200P still associates with yeast vacuoles in a V-ATPasedependent manner, because vacuoles lacking the V-ATPase no longer bind VopQ or VopQ S200P at pH 7.5 ( Fig. S7G) , confirming previous observations of VopQ-vacuole interactions (17) . Therefore, VopQ S200P still has some affinity for the V-ATPase, which is required for its channel-forming activity in vitro.
Although the rate of vacuolar deacidification induced by VopQ S200P was slower than that induced by VopQ, the extents of deacidification were nearly identical over time and over a broad concentration range (Fig. S8) . We used a dye-release assay that measures the release of a self-quenching concentration of carboxyfluorescein dye encapsulated in liposomes (41) . Because these are protein-free liposomes, this assay tests for VopQ channel activity independent of its V-ATPase-dependent targeting activity (17) . Interestingly, VopQ S200P induced carboxyfluorescein release from protein-free liposomes (17) with rates identical to wild-type VopQ (Fig. S9A) . Therefore, VopQ S200P appears to retain the channelforming and deacidification activities of VopQ on both vacuoles and liposomes but is unable to inhibit in vitro vacuole fusion.
Because we noticed a reduction in the ability of VopQ S200P to induce the release of protons from yeast vacuoles, as compared with wild-type VopQ, but not in its ability to release carboxyfluorescein from protein-free liposomes, we hypothesized that VopQ S200P has a lower affinity for the V-ATPase. Accordingly, VopQ S200P -GFP does not localize to the yeast vacuole as was observed for VopQ-GFP (Fig. S9B) . Furthermore, much lower levels of the V o subunits Vph1p and Vma6p were found in coprecipitation with VopQ S200P than with VopQ (Fig. S9C) . Therefore, VopQ S200P binds more weakly than VopQ to V-ATPase subunits but still retains its channel-forming activity on yeast vacuoles. The weak binding of VopQ S200P is sufficient to neutralize the vacuole completely in vitro but is insufficient to inhibit vacuolar fusion.
Discussion
VopQ is a 53-kDa bacterial effector protein that binds to the conserved eukaryotic V-ATPase and forms a voltage-gated channel in the vacuolar membrane to disrupt ion homeostasis (17) . We now show that nanomolar amounts of VopQ inhibit the homotypic fusion of yeast vacuoles, a biochemical model of Rab GTPase-and SNARE-dependent membrane fusion. Furthermore, we identified a VopQ mutant, VopQ S200P , that retained V-ATPase binding and membrane channel-forming activities but no longer inhibited vacuole fusion in vitro. Coprecipitation assays between VopQ S200P and V o domain subunits show a weaker overall interaction than with the wild-type VopQ protein, and thus we speculate that the direct interaction of VopQ with the V o membrane sector is required to inhibit vacuole fusion. Importantly, the use of VopQ as a channel-forming reagent for the study of membrane fusion regulation shows that yeast vacuoles do not require active acidification or Δψ for homotypic fusion in vitro.
This finding is in contrast to recent work showing that yeast vacuole fusion absolutely requires acidification in vivo, as was measured by protein maturation in an elegant in vivo proteinlocalization assay during haploid cell mating and subsequent vacuolar membrane fusion (13) . However, both these assays were completely dependent upon the localization and maturation of the vacuolar ALP. The physiological readout of these assays may be sensitive to vesicular ion concentrations and therefore could be completely independent of physiological membrane fusion. Consistent with this theory, we show that the yeast ALPdependent content-mixing assay is sensitive to a number of ionophores, although an alternative β-lactamase content-mixing assay is unaffected by these reagents. Furthermore, the previous study showed that a mutation in Vph1p (V o , a subunit) that disrupts the ability of the V-ATPase to translocate protons, Vph1p R735Q , was unable to support the fusion of intracellular vacuoles (13) . This finding also was in contrast to studies in Drosophila, which show that a mutant v100 a1 subunit with the corresponding arginine disrupted (v100 R755A ) restored vesicular trafficking and synaptic transmission in v100-null mutant flies, confirming an acidification-independent role of the a1 subunit in membrane fusion events (9) . Further research demonstrated that Ca 2+ -calmodulin interactions with the a1 subunit positively regulate the formation of some SNARE complexes at the synapse in an acidification-independent fashion (14) , thereby highlighting an important acidification-independent role of V o upstream of SNARE complex formation.
Previous studies have indicated that the role of the V o sector in vacuole fusion is required after the formation of the trans-SNARE complexes but before content mixing has occurred (4). In this study, when VopQ binds to V o , we see inhibition of the trans-SNARE complex formation during homotypic vacuole fusion in vitro. These data could indicate two distinct roles for the V o sector in membrane fusion, each implicating fusionpromoting activities upstream and downstream of SNARE pairing. Furthermore, by binding a large protein (VopQ) to the V o channel, we may be imposing a fusion block distinct from other studies. It is important to note that VopQ does not inhibit V-ATPase activity (17) ; this lack of inhibition could account for some of the discrepancies in SNARE complex staging between this study and others.
Most published studies measuring the role of the V-ATPase in acidification and fusion events relied on mutant derivatives of the V-ATPase V o domain, making a direct link of V-ATPase activities to membrane fusion regulation difficult. By using a specific V o -binding, channel-forming protein from a pathogenic bacterium, we now separate the roles of acidification and Δψ formation in regulating SNARE-dependent membrane fusion. Yeast vacuoles unable to acidify because of inhibitors or the activity of VopQ S200P protein are perfectly capable of fusing in vitro and in vivo, indicating that luminal acidification and membrane potential are not necessary for fusion. It remains possible, however, that additional unknown factors require acidification for efficient in vivo vacuolar fusion and that purification of vacuolar membranes removes this biochemical requirement. Many studies using reconstituted proteoliposomes containing cognate SNAREs, Rab GTPase, and tethering factors confirm that the V-ATPase (or acidification and Δψ) is not explicitly required to drive fusion (42-44); we see that VopQ is incapable of inhibiting fusion in these systems.
We therefore propose that the physical interaction of VopQ with the V o domain is responsible for inhibiting membrane fusion in a V-ATPase-dependent manner, distinct from its deacidification activity. The V o domain may simply serve as a receptor for VopQ, and VopQ could inhibit docking of vacuoles via several possible mechanisms including simple steric hindrance of vacuolar docking, uncoupling Vam3p SNARE-V o interactions during fusion (12) , or inhibiting a previously uncharacterized activity for V o . Interestingly, it has been shown that the lack of the V-ATPase V o a1 subunit induces an accumulation of autophagic vesicles without altering lysosomal acidity (45) , and it has been proposed that functional V-ATPase may be required for membranemembrane contacts between yeast autophagosomes and vacuoles (11) . Given that VopQ also was shown to induce an accumulation of autophagic vesicles in HeLa cells (17) , it is possible that this VopQ-V-ATPase interaction also may induce autophagosome accumulation by directly blocking autophagosome-lysosome fusion. Studies to address these possibilities are currently underway and may provide important insights into the mechanisms by which V o domains or VopQ may regulate some intracellular membrane fusion events between V-ATPase-containing membranes. To the best of our knowledge, VopQ is the first bacterial V-ATPasebinding effector shown to inhibit membrane fusion and, as observed with other virulence factors, provides valuable insight into eukaryotic cellular signaling (46) .
Materials and Methods
Detailed information on yeast strains, reagent preparation, yeast vacuole staining, vacuole isolation, vacuole fusion and docking assays, lipid-mixing assay, proton translocation assay, lysis assay, Oxonol V assay, liposome dye-release assay, trans-SNARE assay, and random mutagenesis is provided in SI Materials and Methods. 
